cytosolic receptors, which specifically recognize and bind the respective cargo proteins. At the peroxisomal membrane, the cargo-loaded receptor interacts with the membrane docking complex, composed of Pex14p, Pex17p and Pex13p. Previous data suggest that this interaction triggers the formation of an import pore for further translocation of the cargo. The mechanistic principles are however unclear, mainly because structures of higher order assemblies are still lacking. Here, using an integrative approach, we provide the first structural characterization of the major components of the peroxisomal docking complex Pex14p/Pex17p, in a native bilayer environment and reveal its subunit organization. Our data show that three copies of Pex14p and a single copy of Pex17p assemble to form a 20 nm rod-like particle. The different subunits are arranged in a parallel manner, showing interactions along their complete sequences and providing receptor binding-sites on both membrane sides. The long rod facing the cytosol is mainly formed by the coiled-coil domains of Pex14p and Pex17p, possibly providing the necessary structural support for the formation of the import pore. Further implications of Pex14p/Pex17p for formation of the peroxisomal translocon are discussed.
Introduction
Peroxisomes are organelles present nearly ubiquitously in eukaryotic cells, ranging from unicellular yeasts to multicellular organisms, such as plants and humans. Beside ß-oxidation of fatty acids as a main conserved function of peroxisomes, a broad range of additional metabolic functions is linked to this organelle, underscored by severe and frequently lethal phenotypes of human disorders 1, 2 . These organelles do not contain DNA and thus all peroxisomal matrix proteins are encoded in the nucleus and synthesized on free polyribosomes in the cytosol. Subsequently, matrix proteins are targeted to the organelle by peroxisomal import receptors 3 . A remarkable feature of peroxisomes is that unlike the transport of unfolded polypeptides across the membranes of the endoplasmic reticulum, mitochondria, and chloroplast, they can import already folded, cofactor-bound, and even oligomeric proteins 4, 5 .
This transport is highly selective and mediated by specific import sequences known as peroxisomal targeting signals (PTSs) 6, 7 . Peroxisomal matrix proteins equipped with either a carboxy-terminal PTS1 or an amino-terminal PTS2, are recognized and bound in the cytosol by the import receptor Pex5p or Pex7p, respectively 8, 9 . A peroxisomal membrane associated complex consisting of Pex13p, Pex14p and Pex17p in yeast allows docking of the cargo-loaded receptor [10] [11] [12] [13] [14] . This primary interaction of the cargo-loaded receptor with the docking complex induces the formation of a transient and highly dynamic import pore, necessary for the translocation of the cargo across the peroxisomal membrane [15] [16] [17] . How translocation and release of the cargo are realized in detail still remains enigmatic but it has been previously shown that the receptor is exported from the peroxisomal membrane in an ubiquitin-and ATP-dependent manner, a process that is discussed to provide the driving force for cargo-import according to the export-driven-import model [18] [19] [20] .
The receptor-docking complex is of major importance for peroxisomal matrix protein import, as it provides a binding platform for newly formed receptorcargo complexes at the peroxisomal membrane. Both Pex13p and Pex14p are integral peroxisomal membrane proteins providing several binding sites for the import receptors Pex5p and Pex7p 16 . Pex17p is tightly associated with Pex14p and thus with the docking-complex 21 , but its precise function remains unknown. Although Pex17p is part of the docking complex in yeast, it does not significantly contribute to the assembly of the Pex13p/Pex14p subcomplex 15, 21, 22 , and its counterpart in higher eukaryotes has not yet been identified. However, Pex17p is essential for peroxisomal import of both PTS1 and PTS2 proteins 14 . Strikingly, both import receptors, Pex5p and Pex7p, associate with the docking-complex (Pex13p, Pex14p) in absence of Pex17p, but with decreased efficiency 22 . Pex17p is apparently non-essential for receptor docking, but it increases the efficiency of the docking event.
Furthermore, albeit a close association between the core components of the docking complex (Pex13p, Pex14p) is indispensable for matrix protein import 23 , an assembly between the receptor Pex5p and the docking component However, little is known about the molecular mechanism underlying the primary docking and subsequent translocation events, largely because structures of the higher-order assemblies are not available. Here, using cryo-electron microscopy single particle analysis (cryo-EM SPA) and cryo-electron tomography (cryo-ET) combined with crosslinking and native mass spectrometry (MS), we set out to characterize the overall architecture of the yeast Pex14p/Pex17p complex.
Results

Sample optimization for structural studies
Yeast Pex14p consists of three structural regions: a highly conserved Nterminal region containing a putative transmembrane domain, a long and a short coiled-coil domain in the middle region and an unstructured C-terminal domain ( Figure 1a ). Yeast Pex14p contains two separated binding sites for the PTS1 import receptor Pex5p, localized at its N-and C-termini ( Figure 1a ) 24 . Mammalian PEX14 contains only one Pex5p binding site and only a single, shortened central coiled-coil domain 25 , which has been shown to mediate dimerization, whereas the transmembrane domain is responsible for formation of higher order assemblies 26 . The topology of Pex14p at the peroxisomal membrane has been controversial, but recent results indicate that the Nterminus faces the matrix of the organelle 27 . Pex17p contains a putative transmembrane domain near the N-terminus and two short coiled-coil domains (Figure 1a ). Pex14p and Pex17p associate together to form a tight core complex, however the oligomeric composition of the complex is yet unknown. Interestingly in rice blast fungus Mangaporthe, Pex14p and Pex17p fuse to form a unique Pex14p/Pex17p (or Pex33) peroxin 28 . Here, we coexpressed yeast Strep II -Pex14p and His 6 -Pex17p in E. coli (see Material and Methods). Initial experiments revealed a dominant Pex14p-degradation product giving rise to a band in SDS-PAGE at about 35 kDa, which was most likely a consequence of a site-specific cleavage around the methionine at position 51, as identified by MS ( Supplementary Figure 1a -c). Hence, we replaced methionine 51 by leucine and co-expressed this Pex14p-variant (Strep II -Pex14p(M51L)), for which the additional band at 35 kDa almost disappeared ( Supplementary Figure 1d Figure   1a ). Therefore, we used the membrane scaffold protein (MSP)1D1dH5 with a rather narrow predicted scaffold diameter of 8-9 nm for nanodisc reconstitution. Despite extensive optimization efforts, the resulting proteonanodiscs were heterogeneous and incorporated multiple copies of the Pex14p/17p complex, usually from both sides ( Supplementary Figure 2b) . We then repeated the reconstitution experiments using the recently reported circular MSP1D1Δ4-6 nanodiscs 30 (Figure 1b ). Δ4-6 circularized nanodisc with a diameter of 7 nm are according to our knowledge the smallest available nanodiscs to date and, in addition, they show superior stability and homogeneity in comparison to typical linear MSPs. Indeed, subsequent negative stain EM analysis revealed high-contrast monodispersed particles, with most nanodiscs trapping only a single copy of the complex that could be easily identified and automatically picked ( Supplementary Figure 2c ).
Pex14p/Pex17p is an elongated rod-like complex
To select the structure of the Pex14p/Pex17p complex, we recorded highcontrast images using Volta Phase-Plate (VPP) cryo-EM ( Figure 1c Video 1). The segments are however weakly connected and the density is locally fragmented, thereby not allowing to trace the inter-connections of the helices along the rod. Interestingly, the observed helical arrangement resembles a typical coiled-coil structure (Figure 2c ). We therefore concluded that the elongated extra-membrane rod-like domain is mainly formed by the predicted coiled-coil domains of Pex14p and Pex17p, which are located directly after the predicted transmembrane domains (Figure 1a ).
Molecular composition of the Pex14p/Pex17p complex
To investigate the composition of the complex, we used native MS and gas phase collisional activation. Figure 3a shows native MS spectra for the co- 
Interactions within in vitro and native Pex14p/Pex17p complexes
To obtain more detailed structural information on protein interactions within the Pex14p/Pex17p complex, the SEC-purified complex was subjected to chemical crosslinking combined with MS analysis (XL-MS). Figure 4a gives a schematic overview of the connected residues identified. Several linkages indicate major contacts between the C-terminal end of Pex17p (aa177-189) and the second predicted coiled-coil of Pex14p. This is in agreement with previous results identifying the extreme C-terminus of Pex17p (corresponding to aa167-199) as the smallest fragment that is sufficient for Pex14pinteraction 35 . Additional interfaces were identified between the first coiled-coil of Pex14p and the first coiled-coil of Pex17p as well as between the N- (Figure 4b ).
However, Pex14p lacking N-or C-terminal regions did still interact with Pex17p 167-199 , pointing to an internal binding region. In fact, we identified the second putative coiled-coil domain of Pex14p plus a C-terminal portion as sufficient to mediate interaction to Pex17p (Figure 4b ). This is in line with the XL-MS data, which also revealed the second putative coiled-coil domain of Pex14p as a major interaction site with Pex17p ( Figure 4a ).
Of note, Pex17p lacking its C-terminus did not interact with Pex14p in yeast two-hybrid assays, although further N-terminal contacts were detected by XL-MS ( Figure 4a ). Thus, in order to characterize possible secondary binding sites, Pex17p lacking its C-terminus (Pex17p 1-167 ) was analyzed in its endogenous environment, the peroxisomal membrane, instead of the nucleus, as it is the case in yeast two-hybrid assays. To this end, a wild-type strain expressing either Pex17p or Pex17p 1-167 genomically tagged with protein A (Pex17pTPA, Pex17p 1-167 TPA) with a TEV cleavage site between both fusion partners was used. In line with published data and the function of Pex17p as a constituent of the receptor docking complex, Pex13p, Pex14p as well as the PTS1-receptor Pex5p were co-isolated when full-length Pex17p served as bait ( Figure 4c) 36 . As originally described 21 , other components of the importomer, represented by the two RING-finger proteins Pex10p and Pex12p, were also part of the Pex17p-complex. Pex17p lacking its C-terminal Pex14p-binding module displayed a significant reduction in its steady-state level when compared with wild-type protein and the constituents of the importomer that were present in the Pex17p-complex, were also associated with Pex17p 1-167 TPA, albeit in a much lower amount (Figure 4c ). Thus, the results demonstrate that Pex17p 1-167 is still associated with the importomer, although it is lacking its C-terminal Pex14p-binding region. This is again in line with the XL-MS results, corroborating that interactions between the first putative coiled-coils and between the N-termini of co-expressed Pex14p and Pex17p (Figure 4a ) promote the insertion of Pex17p 1-167 into Pex14p membrane complexes (Figure 4c ). Interestingly, growth on oleic acid of cells deficient in Pex17p was restored upon expression of Pex17p 1-167, indicating that the truncated Pex17p 1-167 is biologically active (Figure 4d ).
Intermolecular interactions within the predicted coiled-coil domains of
Pex14p are essential for its oligomerization.
To assess which of the Pex14p-Pex14p interactions are essential for oligomerization, we used recombinantly expressed truncated Pex14p-variants and monitored formation of oligomers by chemical crosslinking and native MS. (Figure 5a ). With increasing concentrations of the crosslinker, the trimer band became stronger than the dimer band, but no higher molecular weight bands of tetrameric or higher oligomeric species appeared ( Supplementary Figure 7) . The same Pex14p variants were studied by native MS preserving non-covalent interactions during transfer into the gas phase and subsequent analysis (Figure 5b ). In line with the crosslinking results, the two shorter variants were observed solely monomeric, whereas the longer variant comprising both coiled-coil domains predominantly formed trimers and, to a considerably lesser extent, dimers and monomers. The present study provides the first insights into the architecture of this central component of the peroxisomal import machinery in a membrane-mimicking environment, which we summarize in Figure 6a . We show that Pex14p and Pex17p together form a ~140 kDa complex (Figure 3a) , containing three copies of Pex14p and one copy of Pex17p. The complex resembles a rod-like particle with one end inserted in the lipid nanodisc (Figure 1e, Figure 2a ). The length of the rod-part (~18 nm) corresponds to the predicted length of the two elongated Pex14p coiled-coil domains, thus suggesting that the extramembrane region of the particle is mainly formed by these long coiledcoils. We attempted to solve the structure of the complex by single particle cryo-EM, but visualization of a thin helical bundle inserted into, according to our knowledge, the smallest available lipid nanodisc, was not possible for conventional defocus-based imaging. Therefore, we used the Volta Phase Plate 42 in order to enhance the contrast of this weak phase object. We were able to obtain a low resolution reconstruction of the complex (Figure 2a ) and further focused refinement of the rod after signal subtraction allowed us to reach sub-nanometer resolution, revealing a bundle of four helices at different heights of the rod (Figure 2b,c) . This is in line with the 3:1 stoichiometry of the complex, suggesting an elongated parallel assembly of the helical regions of three copies of Pex14p and a single copy of Pex17p (Figure 6a) . The roddensity shows a kink after 12.5 nm (Figure 2b,c) , most probably resembling the short connection between the long (~85 aa) and short (~18 aa) coiled-coil domains of Pex14p. The XL-MS data identified intermolecular interactions along the full length of Pex14p and Pex17p (Figure 4a ). Mapping of the Pex14p-Pex17p interactions was further confirmed by yeast two-hybrid assays and functional expression of a Pex17p variant (Figure 4b,c) . The data clearly suggest a parallel arrangement of both molecules along their complete sequence (Figure 6a ). Both coiled-coil domains of Pex14p are required for homooligomerization ( Figure 5 ) and importantly, the three coiled-coil domains of Pex14p show a parallel and not an anti-parallel arrangement relative to each other. The C-terminal domain of Pex14p (~100 aa) is not resolved in our cryo-EM structure, however, according to secondary and 3D structure predictions ( Supplementary Figure 9) , this domain is almost completely unstructured and apparently flexible (Figure 6a (Figure 3c, Figure 6a ). This is in agreement with recent studies, suggesting a N in -C out topology of At this point, it is important to emphasize that yeast Pex14p contains two binding sites for the PTS1 receptor Pex5p, which according to our results are located on both sides of the peroxisomal membrane: the first at the N-terminal domain (intra-peroxisomal) and the second at the C-terminal domain (facing the cytosol) ( Figure 6a ). The C-terminal domain of Pex14p (~100 aa) containing the cytosolic binding-domain is predicted to be intrinsically disordered and, thus, highly flexible (Figure 6a ).
Our data thus strongly indicate that the peroxisomal docking complex, mainly formed by Pex14p, resembles a rod-like structure that emanates into the cytosol and uses highly flexible terminal peptides to recruit the cargo-loaded receptor complexes (Figure 6b ). The further steps of pore formation and cargo translocation can only be speculated at this stage. However, the overall The overall architecture of the complex suggests a pivotal role of Pex14p in recruitment of Pex5p/cargo complexes and providing the structural support necessary for further formation of the translocation pore. This would imply that the pore may be exclusively formed by the receptor Pex5p, which is in line with the transient pore model 43 suggesting that the receptor Pex5p is functioning like a pore-forming toxin (Figure 6b ). Indeed, import-deficient pex14∆ yeast mutants are capable to import matrix proteins after Pex5p overexpression 44 and in vitro, Pex5p is capable to enter the membrane without any help of the docking complex, when present at high concentrations 45 . The interaction of the N-terminal domain of Pex14p to membrane-embedded Pex5p might then further stabilize the Pex5p transient pore assembly (Figure   6b ).
Our results provide the first mechanistic insight into the yeast peroxisomal docking complex and thus into major aspects of the peroxisomal import machinery in general. Achieving atomic resolution is beyond our grasp now, but we are confident that our study will provide a strong foundation and trigger future in vivo and in vitro structural and integrative studies of higher order assemblies, towards understanding key events of peroxisomal translocation. 
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